Abstract: Industrial applications require parts of components with specific surface properties such are good corrosion resistance, wear resistance and hardness. Alloys with those properties are usually very expensive and there is a great interest in reducing the cost of components for fulfilling these requirements. In this sense, laser surface processing has been used as a cost-effective technique to improve the surface properties of materials, by use of the laser beam heat for modification of its structure and physical characteristics. Laser surface treatments can be divided into direct processes, which only need the generated heat, such are hardening and melting, and processes which need filler material as alloying and cladding. Therefore, the aim of this paper is to summarize the results of several works based on laser surface treatments, in particular, hardening and melting of hot and cold work steels, and laser cladding of forming tools with nanoparticles. The microstructural characterization and mechanical properties (microhardness, wear resistance) will be described in each case.
INTRODUCTION
There is a need in different industry sectors to improve the performance of material surface under wear and corrosion environments, which cannot be fulfilled by the conventional surface modifications and coatings.
One example is tool steels, which are commonly used for manufacturing moulds, dies and other components that are subjected to extremely high load in almost all industry sectors. These tools steels require high wear and corrosion resistance, either for cold work or hot work applications.
Another different case is the ultra high strength steels used in automotive industry for bodyin-white applications [1] . They allow increasing the car passenger safety, while reducing the vehicle weight and, subsequently, resulting in a fuel consumption and CO 2 emission reduction. Nevertheless, they sometime present a formability problem, which could be solved by local softening or hardening of some parts of the formed steel sheet.
One way to improve the surface properties of materials is the laser surface engineering [2, 3] . Laser surface engineering encompasses several applications that are mainly related to enhancing one of the surface dependent properties, like hardness, friction, fatigue and resistance to wear, corrosion, etc. The steady development of high power lasers and their suitability to be introduced in production lines has encouraged the industrial application of laser surface treatments.
The methods of laser surface treatment of materials have been classified in to two types [2, 3] :
• Thermal process: with no change of surface composition (no material addition), like laser cutting, welding, tempering, annealing, melting, and transformation hardening.
• Thermo-chemical process: with change in composition of surface (material addition), like laser cladding, alloying, where the process differ in the metallurgical structure.
Furthermore, the advantages of these surface treatments include flexibility and the possibility of treating small areas, leaving the others parts unaffected [2, 3] .
Laser surface hardening is a promising process for enhancing the surface properties of a component. It has been shown to improve tribological properties of the metal alloys and ceramics [4] [5] [6] [7] [8] [9] , or their corrosion behaviour [10, 11] . Under laser irradiation, the surface temperature is increased above the steel austinizing temperature and, by heat conduction to the bulk material, a thin steel layer is fast cooled down by a self-quenching process. The research on laser surface hardening includes the use of different high power lasers: CO 2 , Nd:YAG or diode lasers.
Another way to improve the surface properties of the material is laser surface melting. Laser surface melting produces an increase of the hardness, toughness and wear resistance of the material surface in a very short time [12] [13] [14] . This process has been investigated by different authors by use of high power lasers. CO 2 or Nd:YAG lasers have been the most used [12] [13] [14] . The rapid melting of the surface layer induced by irradiating with a laser beam, and its rapid solidification in contact with the cold substrate, are the main characteristics of this treatment. At the melted surface, this process produces a high homogenous and very fine dendritic microstructure, without the large typical carbides of tool steels [14] .
The surface properties can also be improved by deposit a protective layer. Laser cladding process can produce a 0.3-1 mm thick coating onto a work piece, joining both materials by a fusion bond [2, 3] . A clad track is obtained by injecting powder particles into the molten pool produced by a moving laser beam. In order to cover the areas considerably larger than the diameter of the laser beam, successive partially overlapping tracks are deposited. The powder injected can be either the same material as the work piece, or powder which could improve the surface properties. When the powder material presents poor flow behaviour, it is pre-placed on the component surface. This is the case of nanoparticles addition to the powders in order to obtain a nanocomposite or nano-reinforced coating [16] [17] [18] .
In the present paper, we provide an overview of the application of lasers for surface engineering, hardening, melting, and cladding.
EXPERIMENTAL PROCEDURE

Laser surface hardening
Laser hardening treatment was performed in two different steels, a dual phase steel (DP 600) and a hot work tool steel, AISI H13 (DIN 1.3344).
DP steels are dual phase, ultra high strength cold forming steels with a microstructure that contains ferrite, which is a soft phase, and contributes to good formability, and martensite, which is a hard phase, and contributes to the strength of the material. These steels are established according to their lowest tensile strength. The selected DP steel for this study was a DP 600 1mm thick sheet with 11x7mm dimensions. Its chemical composition is provided in Table 1 .
The H13 hot-work tool steel specimens of 130x210x20 mm were quenched and tempered to Rockwell hardness of 49 HRC (about 500 HV). Its chemical composition is given in the 0. Experiments were performed by using two different lasers, a direct high power diode laser and diode pumped Nd:YAG one.
The 3.3kW direct diode laser (Laserline, model LDL 160-3300) was mounted on a 6 axes robot system (ABB, model IRB4400). The square shape of the delivering beam was focused to the15x15 mm 2 size spot on the work piece
The Nd:YAG-laser was a Rofin DY044, with 4.4 kW maximum power. The laser beam was guided by a fiber optic to the focusing optics, moved by an IRB6600 ABB robot. The unfocused laser beam on the material surface was 4 mm in diameter, being moved over the surface to obtain 4 mm wide tracks. In order to treat wider zones, different tracks were overlapped with an overlapping percentage of 25%.
The process temperature was controlled using a LASCOM system, acting on the power from the diode laser to maintain the temperature set value. 0 shows the process graph, where the temperature curve is kept constant while there are little changes in the power curve. Surface melting was performed with the diode pumped Nd: YAG, which ensures the melting of an adequate thickness of material due to its Gaussian beam power profile. The parameters used in the laser melting are shown in 0. Four treatments were performed at the same power, by varying the processing speed and the beam diameter. As a result, the energies per unit area provided by the laser beam were 23.66, 13.33, 11.11 and 5.55 J/mm 2 for the M21, M22, M23 and M24 laser tracks, respectively. Specimens of structural steel S235, the low alloyed steel, were used as substrate. A mixture of Co alloy (Stellite 6, 45-90 μm) and 0.5% ceramic nanopowders (Y 2 O 3 , 30-50 nm;) was used as the coating material to improve . Mixing was performed in a rotary ball mill Simoloyer CM01 (Zoz) to achieve an intimate mixture between the alloy and the ceramic. Mixtures were carried out for1200 s at 900 RPM.
Experiments were performed by using a direct diode laser. The square shape of the delivered beam was focused to a 3×3 mm 2 size spot on the work piece. The blended powder mixtures of Stellite 6 and ceramic nanoparticles were placed in the powder feeder from Medicoat. The powder was transported by an argon stream to the powder coaxial nozzle COAX 8 (Fraunhofer IWS), and blown on the substrate at the same laser beam incidence point.
The coating samples were produced by using the powder feed rate between 6-12 g/min, the traverse speed between 8-10 mm/min, the protection argon flow of 10-13 l/min and the laser power of 1.1-1.4 kW.
Microstructural and Mechanical Characterization
Microstructural characterization was performed by the conventional metallographic techniques. A HITACHI FE-4500 Field Emission Scanning Electron Microscope (FEGSEM) coupled with an energy dispersive X-ray spectroscopy (EDS) microprobe and a OLYMPUS metallographic optical microscope (OM) were used. The composition of the different observed phases was analyzed by an energy dispersive spectrometer (EDS) attached to the SEM. The samples were polished to a near mirror finish, by using abrasive papers followed by a final diamond polishing. Afterwards, they were etched with either vilella or nital solution in order to reveal the microstructure under the OM.
Mechanical behaviour of the new surfaces was assessed in terms of microhardness and wear properties. Microhardness measurements were performed on the polished cross section of the samples by using a EMCOTEST M1C 010 automatic digital microhardness tester, by using a Vickers indenter under the test load of 50 kgf and 15-seconds dwell time.
Tribological tests were performed in a high temperature pin-on-disk tribometer by Microtest2/60/SCM. Test conditions are indicated in the 0. All tests were repeated three times under the same conditions.
Table 5. Friction-wear test conditions
Wear track diameter (mm): 8 Pin 4mm diameter alumina ball Normal load (N): 10 Sliding speed 300 rpm (rotate); 0.25 ms
The specific wear rate coefficients, K-values, were calculated using the Archard equation [19] . Figure 3 shows a macrograph of the cross section of one of the treated areas. The laser-treated area can be seen in the darker shade and, in the lighter tones, the area that corresponds to the heataffected zone. As shown, the complete thickness of the sheet has been affected by the treatment. The width of treated area practically matches that of the beam spot (15x 15mm), 4 mm of which approximately correspond to the transition zone and theother to the hardened one. Hardness was evaluated parallel to the surface from the treated area to the base material, through the transition and heat affected zones. Figure 4 is showing the graph with the hardness values obtained in a cross section along the laser-treated zone. The hardness values increases over 100% relative to the non-laser hardened material.
The hardness of the laser-treated part of the sheet changes depending on the laser beam traveling speed. When the speed is low, the heat input is high at each point; and the surface temperature is high enough to reach the austenizing region, and even to increase the austenite grain size.
The details of the observed microstructures are shown in the next figures, where it is possible to observe the microstructure evolution from the received material to the laser-heated zone. Figure 5 shows the micrograph of as received condition, a typical ferritic matrix with some amount of martensite, typical of these DP steels. Transition zone experiments show an increase of the hardness values, from 180Hv in the as received condition to 340-380 HV in the laser-hardening zone. Microstructure of this zone ( Figure 6 ) shows an increase of the martensite structure inside of the ferrite matrix. Figure 7 shows the central zone of the laser track. This zone reveals a complete austenization transformation resulting in a martensite microstructure in this area. Hardness values are higher than 400Hv in this hardened region. It should be pointed out that austenite and martensite cannot be clearly distinguished from each other in the micrograph.
The main conclusions that can be drawn from this study on laser heat treatment of DP600 steel are:
• From the test, it is possible to confirm that this material is susceptible to the laser hardening treatment. It is possible to harden the complete thickness of the sample. The hardened width matches the laser beam dimensions.
• After the laser heat treatment, the hardness increases more than 100%, relative to the material in as received condition.
Tool steel 13 specimens were treated with two different sets of parameters, identified by T1 and T2 in Table 6 . The heat input is approximately the same for both set of parameters, 3.5 kJ/cm 2 .
M Figure 8 and 9 show the microstructure of the laser track cross sections for T1 and T2 conditions. The treated area depth is around 400 μm for T1 and 350 μm for T2. In T2 there is a re-melted layer in the outermost region, with a fine grain martensitic microstructure, formed by the dendritic structure growth. In both of the treatment conditions, there is a smooth dark transition zone between the treated zone and base material.
Values of microhardness Vickers were measured in the cross sections at different depths: near surface, in the middle of the treated zone, and in the dark transition to the base material. For the specimens with laser treatment T1, the Vickers hardness measurements in each zone give values of 802, 766 and 777 HV, respectively. Compared to the base metal, with 500 HV, all the treated layer has increased its hardness for over 50%. Concerning the specimens with laser treatment T2, the hardness values were 770, 760 and 690 HV, respectively. When a wide region of the component is to be treated by laser, different adjacent tracks have to be performed. In order to obtain a layer with the same thickness over the whole laser-treated region, a 25%
overlapping between adjacent tracks has to be carried out ( Figure 10 ). In the overlapping region, there is a decrease in hardness down to 650 HV for T1 and 700 HV for T2 (Figure 10 ), where the microstructure is still martensitic, although it has been heat-affected (tempering). The values of the dimensional measurements of the depth of wear tracks, wear volume and specific wear ratio for both T1 and T2 laser treatment conditions are shown in Table 7 . For the laser treatment T1, the wear depth is higher than for the base metal, as well as the friction coefficient and the total wear volume. On the contrary, the laser treatment T2 presents a higher wear resistance. The friction coefficient is also the lowest for T2 (Figure 12 ), which can promote sliding and, therefore, the wear sliding resistance. The friction coefficient is also almost constant during entire sliding distance, while for T1 conditions it continuously increases. This fact could denote an abrasive mechanism due to wear debris.
Concluding, laser treatment T1 presents poorer wear behaviour than base material, while conditions T2 shows a better behaviour. This fact could be explained by the different microstructure of both surfaces ( Figure 13 ). Treatment T2 gives place to a 20 μm deep fine dentritic structure, followed by a 15 μm thick coarse dentritic one. Whithin this dentrites the martensite grains are much finer than in the microstructure shown by the T1 laser track. Moreover, the interdendritic space is filled by a carbide (Cr, V, Mo) enriched microstructure.
The main conclusion derived from this study is that it has been found that the most appropriate laser treatment should be the one with a 3500 W laser power and 8 mm/s processing velocity. It has given place to an improvement in wear behaviour of the material surface, due to the formation of a thin fine dendritic structure, with an increasing concentration of Cr, V and Mo carbides at the interdendritic space. 
Laser surface melting
Laser melting produces microstructural changes on the steel surface. The optical micrograph presented in the 0, shows a cross section (M21) of the laser melted surface layer. From the top of the surface, four different zones are observed: the laser melted zone (LMZ) where complete melting occurred, the partial melted zone (PMZ) where the materials were partially molten, the heat-affected zone (HAZ) where the temperature was not high enough for melting, and the unaffected base material (BM). The treatment temperature and the cooling rate are responsible for the microstructural differences. Figure 16 shows the microstructure of distinct zones. It was etched with Gröesbeck reagent, which figures out different types of carbides.
The first thing to point out is the presence of the MC carbide, similar in size to the grains that surround it in the MPZ, which was not affected by melting. Its large size, together with its high melting temperature [4] , justify its presence.
The incipient melting of the matrix occurred around these primary carbides, leading to the formation of eutectic carbide in feathery form ( Figure 16 ) in this zone. The eutectic colonies appear distributed in the parallel bands according to the initial structure of steel. The temperature achieved in this area and the time spent were not sufficient for the diffusion of alloying elements during the treatment.
Figure 15. M21 treatment.Vilella reagent.
At the laser melted zone (LMZ) and the partial melted zone (PMZ), the only formed carbide after laser melting was M 2 C, with diverse morphology. This is illustrated by the Figure 17 , which shows the cross section of the laser melted surface layer. No carbide is observed in the solidified microstructure after etching with alkaline sodium, reagent that reveals the M 6 C carbides but leaves unaffected the M 2 C ones. The high cooling rate from the melting point is responsible for the absence of M 6 C carbide. The surface layer obtained after the laser surface melting was homogeneous and very refined, with no cracks, discontinuities or porosity. Figure 18 shows the typical microstructure of the laser melted zone (LSM): fine dendrites (1-2 µm) surrounded by a eutectic. The axes of the dendrites seem oriented to the heat transport direction.
Below the laser melting zone, the temperature was between liquidus and solidus temperatures, and a partial melting occurred. This zone, namely the partial melting zone, is not homogeneus. Figure 19 20 shows two different microstructures: The A zones are characterized by the presence of partially large dissolved carbides, MC (about 10 µm), and the B zones which have a cell microstructure. These differences are related to the different quantity of the carbides.
Although the heat flown in the two microstructures of ZPF is the same, the appearance of one or another will depend on the amount of carbides that are in the area where laser melted treatment takes place. In all cases, a significant increase in surfaced hardness compared to base metal takes place, as shown in the microhardness profiles (Figure 21 ), carried out on the four treatments, which may be associated with an improvement on wear and fatigue behaviour.
It can be observed the fall of hardness between the HAZ and the base material, due to the low cooling rate in this zone, which generated an overtempered microstructure.
The highest hardness values are recorded in the treatment obtained by high beam scanning speed, which also has the smallest depth. The material has reached a lower temperature because the energy in this treatments was the lowest of all, therefore, austenite shrinks getting a higher amount of martensite during cooling. • M 2 C type is the only re-solidified carbide at the modified layer. Its diverse morphology depends on the solidification cooling speed on the laser melted layer.
• The microstructure of the ZPF is heterogeneous.
It has two kinds of microstructures. Their relative quantities do not depend on the laser parameters but on the carbide distribution at the base M2 tool steel.
• Surface hardness increases in all cases, being higher when the lower energy per unit area is provided to steel.
• All treatments have a better wear behaviour than the base material. Figure 23 shows an optical micrograph of the cross section of the Stellite 6 coating. The laser processing conditions were 1500 W laser power, 8 mm/s traverse speed, 9.2 g/min powder flow, 10 l/min gas protection, and with an overlapping of 55%. Results of Table 8 are coincident with the literature. The microstructure consists of fcc-Co rich solid solution dendrites, surrounded by a lamellar mix- In comparison with the chemical composition of the commercial Stellite 6, it can be seen that dilution of iron in the cladding from the base material is produced. However, this is only produced near the melting line. In the intermediate and upper zones of the Stellite cladding only a little increase of iron was observed.
Laser Cladding
When producing a Stellite 6 with 0.5% nano-Y 2 O 3 coating the parameters must be changed, in order to take into account a higher laser absorption by powder compared to Stellite 6 alone. The laser processing conditions were 1100 W laser power, 10 mm/s traverse speed, 8.8 g/min powder flow, 10 l/min gas protection, and 55% overlapping of. Figure 26 shows the microstructure in the upper part of the Stellite 6 with 0.5% nano-Y 2 O 3 coating. Figure 27 shows a detail of the dendrites and interdendritic space, showing the typical structure found in the Stellite coating. Table 9 shows the EDS analysis performed in this zone. Nano-Y 2 O 3 added to Stellite 6 causes dendrite refinement, promoting heterogeneous nucleation. Moreover, the low thermal conductivity of nano-Y 2 O 3 particles results in lower cooling rate, causing more dilution of the iron from the base metal towards the coating than in Stellite 6 without nanoparticles. However, this dilution is not very high, and the iron content decreases towards the upper zone of the coating.
Due to the high melting point of yttria, this is not dissolved in the melt pool. Therefore, the nanoparticles are segregated to the interdendritic areas, where the eutectic microstructure is formed.
Wear resistance of the stellite 6 coating is not very different of the Stellite 6 with the nano-Y 2 O 3 . The specific wear ratio, K, is 7.84x10 -5 for the first one, and 9.20x10 -5 for the last one. However, the K for the coating with nanoparticles is slightly higher. The reason could be a different cooling rate between the two coatings. Addition of ceramics to the Stellite 6 modifies the thermal conductivity of the melt pool, promoting that the cooling in the Stellite 6 with nanoparticles is slower.
In comparison of the hardness tests (Table 10) • Nano-Y 2 O 3 added to Stellite 6 causes dendrite refinement promoting heterogeneous nucleation. Microstructure significantly changes from the columnar grain to an equiaxed and cellular microstructure. The dendrites with nano-Y 2 O 3 become thinner and denser.
• Since yttria is not dissolved in the melt pool, nanoparticles are segregated to the interdendritic areas, where the eutectic microstructure is formed.
• Low thermal conductivity of nano-Y 2 O 3 particles results in the lower cooling rate causing more dilution of iron from the base metal towards the coating than in Stellite 6 without nanoparticles. This cause a slightly lower hardness in Stellite+ nano-Y 2 O 3.
CONCLUSIONS
It has been shown the ability of laser technology to improve the surface wear behaviour and local mechanical resistance of different steels used in industry by means of several processes: hardening, melting and cladding.
